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SUMMARY
Measuremen*s of the sound field of turbojets, in static tests or in flight,
are usually made in the presence of a ground whose acoustic characteristics

are gquite inadequately known or even ignored,

The sound-pressure spectra are then perturbed by complex reflection phenomena
that make their application difficult. It follows from this ‘hat the free=-
field acoustic characteristics are difficult to establish and any attempted

correlation, extrapolation or simple comparison of results becomes imprecise.

With the aim of standardizing the experimental conditions, I.S.0. recently
proposed that measurement of the sound field of turbojets be made above a
hard surface (concrete or the like), thereby at least ensuring fixed ground
characteristics. But such an arrangement, together with a knowledge of the
correction factors resulting from reflection phenomena, offers the addjitional

advantage of permitting restitution of the free-field spectra,

SNECMA, having established a test facility for measuring turbojet noise
patterned on the 1.S.0. recommendation, undertook a theoretical and experimental
study of these problems. The computed curves and some experimental results
abstracted from this study show that the influence of these reflections is

far from negligible and can be taken into account either by correcting the

measurements or at the stage of estimating the noise of a turbojet.

Some arplied examples confirm the correctness of the results obtained,
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1, INTRODUCTICN

The laws governing the sound emission of jets are complex, and a comparison
cf theoretical findings and experimental results can not be made in a
valid way unless their "free-field" acoustic characteristizs can be

measured,

Knowledge of these characteristics is indispensable in the investigation of
a number of problems, such as the verification and examination of the
similarity laws of acoustics, acoustic tests on silencer models and
carryover of the results to the full-scale engine, establishment of noise

prediction methods, etc,

Although it is relatively easy to attain free-field conditicns in experimental
studies on models (measurements in anechoic chambers or in the open air at

a sufficient height above the ground), it is practically impossible to obviate
the proximity of the ground in acoustic measurements made near turbojets,

The measmarements are then perturbed by reflection phenomena that profoundly

alter the sound-pressure spectra,

After sketching the practical importance of these phenomena we shall
describe briefly the format of the theoretical approach to the problem of
reflections from a plane, non-absorbing surface and some results of an
experiment conducted for the purpose of verifying the theoretical results.
An overall comparison between some spectra measured around a turbojet and
the corresponding computed spectra show that it is possible either to
reconstruct the free-field spectra from measurements made above a reflecting
ground or to make an adequate estimate 5 these spectra in the presence of

such a ground,
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2. ILLUSTRATION OF THE PRACTICAL IMPORTANCE OF THS PROBLEM

The sound field of turbojets is ordinarily measured at a large distance
(50 meters or more) so as to be located in the far-field of the sound
source, which ensures that the sound field will fall off inversely with
distance., During these measurements it is rarely possible to find a test
area having uniform, well-established characteristics. In most cases the
measurements are made at the edge of an airfield runway, above a grassy

ground or a mixed terrain (part grass, part concrete),

The sound-pressure spectra of jets measured under such conditions are then
far from having the regular shape of the free-field spectra shown in Fig. 1
(measurements made on a turbojet mockup in an anechoic chamber), On the
contrary, they exhibit a series of valleys and peaks produced by complex
reflection phenomena that are strongly influenced by the nature of the

ground and the location of the receiver relative to the source,

As an example, Fig. 2 shows spectra from an ATAR turbojet measured atv a
constant height above a grassy ground and at three distances frcm the

engine in the direction of maximum sound emission from the jet,

In a similar vein, Fig. 3 (with the same engine) shows the spectra measured
above the same test area, at a like horizontal distance, for three

different receiver heights,

It even appears that spectral measurements made on an aircraft during an
overflight are not free from perturbations produced by ground reflections, as
illustrated in Fig. L, which pertains to jet noise spectra measured during the

passage of a "flying bedstead" equipped with an experimental turbojet.



It is difficult to correct fcr such perturbations since it is almost
impossible to know the momentary acoustic properties of the ground.
Furthermore, these characteristics change with season, so that it is even
impessible to obtain a satisfactory repeat of the same measurement in the
course of time, An a fortiori comparison of measurements made on the

same turbojet above two grounds of different natures is completely illusory,

To obviate these latter drawbacks and with the aim of standardizing the
measurerent, I.S.O-*'has recently proposed (I) that the measurement of sound
fields of turbojets be made> above a hard surface (eoncrete or similar)
which at least gives the advantage of ensuring fixed acoustic characteristics

for the grourd,

To carry out its studies of turbojet noise, in 1967 SNECMA established a
test facility at Istres that allows making acoustic measurements on turbojets

in conformity with the I.5.0. recommendation, .

This installation includes a static-test stand mounted on a thrust-balance
capable of handling a 30-ton thrust from the jet. The test area, entirely
of concrete, allows making polar measurements of the sound field along a
semicircle of 60-meters radius with a telecommanded cart carrying the

microphones,

As an example, Fig, 3 shows the spettra of an ATAR turbojet as measured on
this installation. The interferences between direct and reflected signauls

show up clsarly.

Since the concrete surface of this installation acted as a perfect reflector
for the significant wavelengths ir the turbojet spectra, it was thus possible

to go beyond the goal recommended by I.5.0., in seeking a method for

oL -
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correcting the spectra to allow deducing the free-field spectra from

measurements made with the presence of the reflector,

3. THEORETICAL STUDY
3.1 Hypotheses
Before beginning the theoretical analysis of the p:roblem a number of

simplifying hypotheses must be enunciated.

We shall first suppose that the receiver location in the sound field is

remote from the noise source represented by the jet. This condition is
satisfied if the source-receiver separation is a multiple both of the
wavelength of the sound teing investigated and of the largest linear

dimension of the source. The spectra emitted then preserve their shape during
propagation since each of the components of the spectrum obeys the inverse
square law with distance to the source, on condition that atmospheric

ebsorption (which is especiaily marked at high frequenties) is neglected,

We shall also assume that the jet produces stationary random noise satisfying
the ergodic hypothesis. The atmosphere in which the noise propagates is
taken to be stationary, isothermal and homogeneous, and, finally, it is
supposed that reflection of the noise from the surface (assumed to be a
perfect reflector) is specular, which leads to adopting the concept of

an image source, symmetrically located with respect to the reflector

from the source. Under these conditions the reflected noise and the noise

arriving directly at the receiver are coherent.

3.2 Establishment of Fundamental Rglationships

The following theoretical analysis is based on the major lines of the

analysis developed by Howes [2].



The geometry of the problem is illustrated in Fig. &, Let p(t) and p' (t="7)
be random functions representing the noise propagating via the direct path

r and the refiected path r', respectively, with 7  being the delay between

the two signals: t_ﬂJJ Ar
C C

The resnltant signal at the receiver level can be written
P(t, 5) =p(t) +p"(t—7) (1)
from which the expression for its mean-square value, independent of

t, is:

POT =P - PE—IF -2p®OP (=)

As a consequence of the ditferent paths traversed by the signals p(t)
and p'(t - ), ore can set down (takinz into account the spherical

divergence of the waves):

p().p(t=7) - Zp(D).p(t—7)

where p(t - 7 ) is an auvxiliary function corresponding to the noise prop-
agated along r but emitted at time (t - 7). It is thus possible to bring
out in (2) the autocorrelation function of p(t), a function of the sole

P onnad L4

variable 7

() =p(¥).p(t—2)

The ratio of the resultant mesan-square pressure to the mean-square } ure

in the free-tield is thus written, noting that

P (t—=)1 [P ()] - (r.r') :

R BOT 4. v 1, 10

- A (L)

1 CX ) A S Y ()
It is shown [3] that the autocorrelation [’ (T) of the real function

p(t) is the Fourier transform of the spectral density w(f) or p(t):
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(=) - 2,].;w (f)cos 2=f-df (Bochner-Kintchine Theorem) (5)

As a result, we have

[P ()] == 1'{o) = 2[ Sw(f) df 6)

Since the sound-pressure spectra of jets are relatively flat, we shall take
the noise in each frequency band to be white noise; it therefore has &
spectral density that is constant and equal to Wos irrespective cf the

mode of analysis selected.

For a frequency band with cut-off frequencies fa and fb (ideal filter),

expression (i) is thus writiten:

R=1+(5 ’.,.2(.[- L [sin2=f,:—sin2=f,"]
=T r!’ 'f'}257(f.-f.) Ve -l

or
_ ‘v 2 ‘v | sinz:(f,—1.) e €| 7
._“"”(?) *‘Z(F)[ = (f—f,) cosT(f-h) ‘o
Or. settinug
2 2‘.7£
2f parameters determining the
K =2,-,\ 1 .}.(i'\_;..)! mode of analysis selected

AT RIRY
ri + (h—h')?

geometrizal paramster

and expressing the ratio R in decibels, the resulting correction factor

for reflections from a perfectly-conducting plane becomes:

. sin a3t B
- . ‘1.2 " cos 32T (8)
AN (dB)-10'Og,°R '“10'0910 1\ '7’2‘! ‘."2 "";-:\-E—COS ,ﬂ-.':A
Yol

Two important limiting cases should be noted:
4r/ A = 0 corresponding to Ar =0 or Z = 1:

The two signals #~e added and a 6 dB increase in level results.,



A =0er ‘=27 3
This is the case of interfereace ~f two signals emitted from the same
"monochromatic™ source with a delay 7 between them. 7Tn this particular
case, expression (>} takes the familiar torm:
1 2 Ar’
_\l_\l = 1010g.e {1 T —iCOSZ:-;:-; (9)
Fizs, 7 and 5 show, for the geometrical factors characterized by the
parameter Z, the variations of .AY¥ as a function of the parameter Ar/A

for two current methods of analysis ( analysis by 1/3-nctaves zrd analysis

by octaves).

The grar. of riz. 9 permits rapid determination of the geometric parameter Z.
Using this parameter tne geometry of a case of reflection can be characteriged
in an overzll way. The correction.factors £iven in Figs. 7 and S have been
calculated for Z = 1,2 and 4 but it should be noted that Z, which is equal

to the ratic of the distance traversed by the reflected wave to that

traversed by the direct wave, takes on a vailue ciose to unity in most

F 2ctical cases,

ho EXSSRIMENTAL STUDY

k.l Arrangement and Experimental Method

To carry out the experimental verification of the hyphtheses and calculations
set forth in the last 8ection we deemed it neceasary to set up a test
arrangement that woula vermit simultaneous measurement of the spectra of a
jet in the free-field and in the presen-ze of s reflecting surface., Thi.
requirement obviously excluded the possibility of a study made directly

on a turtnjet,

The experimental study was +. » 1ed out on a jet mock-up with

a convergent nozzie, The test ar-rangement, shown in Fig., 10, was set up in
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the anechoic chamber of the Engine Test Center at S5ACLAY. In addition
to satisying thereby the free-field conditions this brought with it other
advantages, namely, temporal stability of jet exhaust and a quiet and

isothermal ambient atmosphere.

The noszle, 76 mm in diameter and mounted on a test-stand,was supolied

under constant operational conditions (ejection velocity =z 500 m/s).

The measuring arrangement, shown in Fig. 10, could be rotated arocund a
vertical axis through the center of ejection of the nozzle and included:
- a variable-height microphone support arm
- a reflecting plane of metal nlates arranged on a framework
suspended from rotatable arms by small-diameter rods with
threaded ends to permit regulation of the height of the plane

with respect to the nozzle.

Thus by rotating the arms the sound field of the jet could be examined

at azimiths of 30° - 120° with respect to the jet axis.

The acoustic measurements were made using a standard recordinc system and
the spectra were analyzed by third--ctaves and octaves in the frequency

region 200 - 40,000 Hz,

The operational method was to record the sound-pressure spectra of the jet
in the free-field and in the presence of the reflecting plane for each

experimental geometry characterized by the parameters a, h!, ry and € ,

Since these two measurements could not be made simultaneously, preliminary
tests were made which verified that the spectra were completely stationary

and reproducitle,
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L.2 Some Experimental Results

Many geometries corresponding to different values of the parameter Z have been
studied to date. Nevertheless, in view of the considerable number of

parameters on which the problem depends and special problems tied to specific
geiometries, the scope of the tests is not yet covered in its eatirety. We shall
restrict ourselves here to givinz some results relating to a Z very close to
unity. This limiting value, which corresponds to r'/r = 1, covers most
practical cases of measurements in the far-field of a turbojet (static tests

or measurements on aircraft in flight),

The values given in Fig. 11, measured in the direction of maximum emission of
noise from the jet, correspond to identical heights for microphore and jet
axis (mean height of source) and three different distances between 5 and 6
meters (analysis by third-octaves), These different geometries can be
considered to be representative of measurements in the far-field of the

sound from a jet under static-test conditions.

The results corresponding to geometries more nearly approximating overflight
are illustrated in Fig. 12, as deduced from measurements made at an azimuth

of 90° (analysis by third-octaves).

To complete this brief survey of the experimental investigations, Fig. 13
shows the results of analyses by octaves in the directivn of maximum sound

emibsion for different experimental geometries,

It is seen that on the whole the agreement between theory and experiment is
satisfactory, despite some dispersion of the measured points -- which should
not be surprising., In fact, it is clear that the jet is far from being
equivalent to a point source and that rigorous determination of distances is
always critical. Also, it should be rointed out that certain anomalies

observed for specific test geometries should be made the object of
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complekentary tests,
5. EXAMPLES OF PRACTICAL AFPLICATION

In the last rect_on of this accrunt we shall nresent some examples of thc

practical application of the studies just discussed,

The first aprlication concerns the correction of the measurements made on
the Istr:'s installation descrited at the beginning of this article, with the
aim of establishing the free-field characteristics of the noise emitted by

jé tse

Fig. 1L thus shows sound-pressure snectr:. from an ATAR turbojet that have oeen
corrected usinz the results previously estatlished. For purposes of comparison
we have shown on the figure the free-field spectra calculated using the noise
prediction method established by SNECMA [h] « The two examples considered
demonstrate that it is possible to restore the trend of the free-field

spectra with a rather good approximation.

A second sort of application concerns problems of predicting the noise
spectra of jets. As an example we have compared (Fig. 15) spectra measured
on the same installation and the calculated spectra, this time applying the

correction terms refulting from reflections to the free-field spectra,

it is seen that the agreement between the predicted curves and the measuremen*s
is quite satisfactory although the first null is clearly less important than

the value calculated for it.

As a final example of application, Fig. 16 shows once again the spectra of
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Fig. L measured during overflight and the corresponding calculated spectra.

Since the ground characteristics were unknown we hypothesized a perfectly-
reflecting ground to establish the calculated spectra, a hypothesis that
certainly does not correspond to reality. Although the observed agreement
betwecn the measurements and calculations could be fortuitous, it serves
to stress the rrecautions one should take when making acoustic measurements

on arrcraft in flight.
6. CONCLUSIONS

To conclude this a~count, in which we have given a brief survey of the
theoretical and experimental problems of reflections, more specifically

focussed on the acoustic spectra of jet noise, we should add some remarks.

To begin, for certain special cases of the problem that relate to limiting
geometries the results do not maich the quality of those we have discussed.
This concerns especially the case of grazing incidence, when jet and

microphone are very close to the reflecting plane.

The results likewise appear to be impaired when the jet is near the surface

and the microphone is very far from the jet.

In these latter cases it is probable that the hypothesis of a point source
can no longer be maintained and that a distribution of sources must be taken
into account in the problem. A theoretical and experimental study of these

particular points is in process,

A third factor that bears on the results is essentially the existing
exverimental conditions, namely the influence of a non-homogeneous atmosphere,

wind, surface roughness and inaccuracy in measurinz the distances, These
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perturhatiors lead to dispersion of the results, which is particalarly
pronounced near the extremities of the correction curves and is more

marked the narrower ths band of the analysis,

Notwithstanding these remarks, in most practical cases the anplication of
the correction factors we have defined will permit a more realistic approach

to the free-field acoustic characteristics of jets,



Nomenclature:

c
£

fé,fb
Af
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APPENTIX

velocity of sound

frequency (Hz)

cut-off frequencies of a band of width 4f

bandwidth

center frequency of a band fi = VE;E;

height of source above reflecting plane

height of receiver above reflecting nlane

level of sound-pressure in dB

sound pressures

source-receiver distance

projection of direct ray on reflecting plane

path length of reflected signal

path difference between direct- and reflected- signals
ratio between the mean square of the resultant signal and
the direct sigual

10 logynR = AN: value of R ir dB

time

spectral density

geometrical parameter Z = r'/r

parameter defining the mode of spectral analysis = 271 A f£/2f

1
parameter defining mode of spectral analysis =

.
2 n Vl * (Af/efy)2

angle between axis of jet and direction of sound emission
autocorrelation function of p(t)

delay
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wavelength
wavelength correspondirn: to the center frequency of a band
time-average of a quantity

mean=square value of a cuantity
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(analysis by 1/3-octaves)

Results of measurements on mockups
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